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INVESTIGATION  OP  OPEBAIIKG  HCDES  CF  BONO  POL A  8  SRCCK  GENEBATOB  BITH 
REGULATION  OP  EXCITATICI  FLCN 


V.  V.  Kharitonov,  Cand.  tecta.  sciences. 


The  eethod  of  calculation  cf  transient  processes  is  examined  in 
the  excitation  circuit  cf  hcscpclai  shock  genecator  with  aassive 
eagnetic  circuit,  during  which  equivalent  circuit  diagrae  is  used.  Cn 
the  basis  of  the  eethod  these  ace  analyzed  several  operating  eodes  cf 
the  generator  with  regulation  cf  eicitation  flew. 

At  the  present  tiae  one  of  the  eost  iepertant  directions  of 
developaent  of  hoaopolac  genecatcrs  is  the  develcpnent  of 
pulse -act ion  sachines  -  hcaopclar  shock  generators  (DUG) .  Nassive 
roters  of  UUG  are  used  as  flywheels  with  large  kinatic  energy 
reserve,  being  converted  in  the  prccess  of  generator  discharge  into 
energy  of  pulsed  electrcsagnetic  field.  The  ncrsal  operating  aode  of 
UUG  is  sodden  closing  cf  the  load  circuit  of  the  excited  generator. 
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the  rotor  of  which  is  rotated  at  prescribed  speed,  with  simultaneous 
disconnection  fron  the  retwcrk  cf  the  drive  actcr  (or  separation  of 
the  shafts  of  generator  and  notcz) . 


A  promising  area  of  application  of  DOG  is  the  technology  of 
obtaining  strong  magnetic  fields,  where  they  are  used  for  pulsed 
supply  of  windings  of  different  electrophysical  equipment.  Here  the 
00G  successfully  compete  with  ether  sources  of  pulsed  supply, 
exceeding  then  in  such  indices  as  maximum  and  specific  energy, 
relative  weight  and  cost,  and  conforming  to  the  most  complete  series 
of  specific  requirements. 


The  main  structural  diagrams  of  performance  cf  DOG  are  shown  in 
Pig.  1. 


Pig.  1.  Main  structural  diagrams  cf  performance  cf  00G.  a  * 
cylindrical  type  generatcr;  t>  -  dish-type  generator;  <  -  armature 
current;  •  -  working  magnetic  flux;  •  -  angular  velocity  of 
rotation  of  rotor. 

_  J 
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The  current-carrying  elesents  of  006  are  aade  sc  as  to  aost  fully 
coapensate  the  flow  cf  the  araatura  reactioc.  In  the  cylindrical  type 
generator  (Fig.  la)  the  currant-carrying  eleaents  are  aade*  for 
exaaple#  in  the  fora  cf  hollo*  coaxial  cylinders*  through  which 
araature  current  passes  in  opposite  directions.  Cne  cylinder  is 
attached  on  the  aassive  zotor  ata  accoaplisbes  the  rcle  of  araature 
"winding"*  the  other  is  pressed  into  the  bore  of  the  stator  and  is 
the  coapensating  "winding".  In  dish-type  UOG  (Fig.  It)  the 
coapensation  of  the  flew  cf  araature  reaction  is  provided  by 
arrangeaent  of  a  coapensating  disk  in  the  working  clearance  of  the 
generator*  through  which  araature  current  passes  in  the  direction* 
opposite  its  direction  in  the  rotor.  The  systea  of  current-lead  buses 
in  the  006  is  also  aade  so  as  tc  eliainate  aagnetization  of  the 
aagnetic  circuit  by  the  araature  current. 

During  the  shaping  cf  current  pulses  of  00G  of  a  certain 
configuration  there  is  widely  applied  regulation  of  the  excitation 
flow  of  the  generator.  Curing  Investigation  of  such  operating  nodes 
of  00G  it  is  necessary  tc  take  intc  account  the  action  of  eddy 
currents*  appearing  in  the  aassive  aagnetic  circuit  of  the  generator 
with  change  of  the  excitation  flew,  h  convenient  basis  of 
investigation  in  this  case  is  the  equivalent  circuits.  Zn  Fig.  2b  is 
shown  a  linear  equivalect  circuit  cf  the  excitation  circuit  of 
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Pig.  2.  Equivalent  circuits,  a  -  aassive  section  of  aagnetic  circuit; 
b  -  excitation  circuit  cf  oug. 

The  sagnetic  circuit  of  the  aacbine  enters  it  in  the  fora  of  a  dual 
electric  circuit,  the  paraaetexa  ci  which  axe  deter  lined,  proceeding 
free  equivalent  operator  resistances  of  the  characteristic  sections 
of  the  aagnetic  circuit  £1].  To  the  aassive  sections  of  the  aagnetic 
circuit  correspond  snail  eixeuits  kith  theoretically  infinite  nuaber 
of  series«connected  circuits  utb  identical  effective  resistances  r0 
and  inductances  decreasing  with  increase  of  the  nuaber  of  circuit 
(Pig.  2a) .  They  enter  the  equivalent  circuit  in  the  fera  of  parallel 
branches  zt.  z2.  z3f  z4.  All  inductances  of  the  circuit  depend  on  the 
aagnetic  peraeability  cf  aaterial  cf  the  aassive  section,  whereas 
effective  resistances  r0  do  not  depend  on  the  level  of  saturation  of 
the  aagnetic  circuit.  Itfective  resistance  r  in  the  unbranched  part 
of  the  circuit  is  the  resistaace  of  the  excitation  circuit  of  the 
generator  and  generally  equals  rmf*+rw  where  r*  -  resistance  of  the 
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excitation  coil,  and  **  -  added  effective  cesistance  in  the  circuit. 
Inductance  l,  coneidera  the  leakage  of  excitaticn  winding. 

The  equivalent  circuit  of  fig.  2b  can  be  used  also  for 
nultipolar  DUG  with  syiactric  aagnctic  systea.  Its  paraaeters  in  this 
case  are  calculated  by  proceeding  iron  the  gecaetric  diaensicns  of 
the  aagnetic  circuit  fcr  the  pair  cf  poles  and  the  nuaber  of  segaents 
of  one  excitation  coil.  In  this  cane  for  series  connection  of  coils 
of  excitation  winding  r~r,+r,ip.  ahere  p  -  nuaber  of  pairs  of  poles, 
and  voltage  on  the  terainals  of  the  circuit  ccaprises  1/p  part  of  the 
excitation  voltage  of  the  generator.  Hith  parallel  connection  of 
coils  r-rm+pru  the  voltage  on  the  circuit  terainals  corresponds  to 
the  total  excitation  vdtage  of  UOG,  and  current  in  the  unbranched 
part  of  the  circuit  coiprises  1/f  part  of  the  total  excitaticn 
current  of  the  generatcr.  The  application  of  linear  equivalent 
circuit,  presented  in  Fig.  2b,  ia  United  te  those  cases  when  the 
working  section  of  the  curve  cf  lagnetizaticn  cf  the  aagnetic  circuit 
is  rectilinear  or  is  sufficiently  well  apprcxiaated  by  a  segaent  of 
the  straight  line,  since  the  paraaeters  of  the  circuit  are  derived  in 
the  assunption  of  constancy  of  cagnetic  peraeability  cf  aatezial  of 
the  aagnetic  circuit.  In  the  cane  cf  substantial  nonlinearity  of  the 
working  section  of  the  aagnetizatlcn  curve,  tbis  circuit  can  be  used 
only  after  the  appropriate  correction,  based  en  the  introduction  into 
it  of  nonlinear  inductances,  apprcxiaately  considering  the 
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nonlinearity  of  ferroaag retie  aatezial.  The  aethod  cf  correction  of 
linear  equivalent  circuits  is  developed  is  [2].  Its  application  for 
the  aagnetic  circuit  of  OQG  requires  special  discussion. 

The  parallel  branches  cf  the  circuit,  corresponding  to  aassive 
sections  of  the  aagnetic  drive,  have  theoretically  infinite  nuaber  of 
circuits.  However,  durieg  practical  calculations  they  are  liaited  by 
a  finite  nuaber  of  circuits,  detersined  by  the  required  accuracy  cf 
solution.  Their  nuaber  can  be  substantially  reduced,  if  we  siaplify 
the  expression,  obtained  for  equivalent  operator  resistance  cf  the 
aassive  section.  For  exasple,  by  finding  the  eperator  resistance  of 
the  section  ftoa  calculation  cf  the  aagnetic  field  in  its  nass,  it  is 
possible  to  approxiaate  an  infinite  series,  deteraining  aagnetic 
flux,  with  aaxiaua  appreciation  by  exponential  dependence,  having 
taken  as  the  basis  in  this  case  cccstant  tiae  Tt,  corresponding  to 
the  first  tera  of  the  series,  is  a  result,  to  the  aassive  secticn 
will  correspond  only  ore  circuit,  consisting  cf  equivalent  inductance 
and  effective  resistance.  The  equivalent  circuit  of  the  excitation 
circuit  of  DUG  in  this  case  is  significantly  simplified  and  takes  the 
fora  shown  in  Fig.  3. 


Pig.  3.  Siaplified  equivalent  circuit  of  * 

excitation  circuit  cf  UUG.  „ _ f 
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Som  equivalent  circuit  corresponds  to  the  aassive  aagnetic  circuit 
in  the  siaplified  scheaatic.  Its  paraaeters  l,  and  r,  ara 
calculated,  proceeding  Iron  the  gacaetric  dinansions  cf  the  aagnatic 
circuit  (Fig.  4)  and  tta  nuaber  cf  sagaents  cf  excitation  coil, 
corresponding  to  the  pair  of  pcics,  on  the  basis  of  the  following 
relationships  [  1  ]: 


l. 


where  •  -  nuaber  of  sagaents  cf  excitation  ceil;  *>'•  W  ~ 
aagnetic  fluxes  on  the  pair  cf  pcles  and  excitation  currents  in  one 
coil,  corresponding  to  final  acb  isitial  Feints  of  the  working 
section  of  the  aagnetixation  curve;  t*.  St.  -  calculated  length, 
calculated  cross  section  and  aagnatic  peraeability  cf  naterial  of  the 
i  nassiva  section;  «<  -  cocracticn  factor,  corresponding  to  i 
aassive  section;  k  -  neater  of  aassive  sections  of  aagnatic  circuit. 


Fig.  4.  Sketch  of  aagnetic  circuit  of  006  on  pair  of  poles  (air  gaps 
are  not  shown)  with  designatica  of  the  characteristic  sections.  1  - 
central  core;  2  -  yoke;  3,  4  -  disks. 


The  correction  factor  for  central  core  is  *t*1.4,  and  for  the  yoke 
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and  disks  3  and  4  (Pig.  4)  h.m  =1.25.  The  calculated  section  of 
disks  3  and  4  is  deter  (iced  ty  expression 

“  i'57,7#."' 

The  constant  tiae  fer  central  core 


r  JilfL 

‘*W’ 

where  v  -  electrical  conductivity  of  core  aaterial.  For  the  yoke  and 
disks  3  and  4 

-  **<».* 

T>mm  ir^' 

For  ezperiaental  check  of  the  possibility  of  application  of 
siaplified  equivalent  circuit  (fig.  3)  fer  engineering  calculations 
there  was  investigated  the  process  of  establishaent  of  aagnetic  flux 
in  a  nuaber  of  tested  OCG  with  connection  of  the  excitation  winding 
under  direct  voltage  or  with  atrept  change  cf  excitation  voltage.  The 
tests  showed  rather  goco  ccincidence  of  ezperiaental  and  calculated 
data.  So.  in  Fig.  5  are  presented  experiaental  and  calculated 
dependences  of  change  ci  aagnetic  flux  during  experiaental 
cylindrical  type  DUG  with  ccapletely  unstratified  aagnetic  circuit 
(description  of  its  construction  is  given  in  [3]). 
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Fig.  S.  Experimental  {solid  lines)  and  calculated  (brcken  line) 
dependences  of  change  ci  excitaticc  flew  of  experimental  006. 


+  • 

'  *■■*-**' 


Curves  1  correspond  to  connection  of  excitation  winding  under  direct 
voltage  in  the  case  cf  ursaturated  aagnetic  circuit  of  the  generator, 
and  curves  2  -  tc  abrupt  change  cf  excitation  voltage  with  saturated 
■agnatic  circuit,  when  the  working  secticn  cf  the  magnetization  curve 
was  located  beyond  its  tend,  lie  gxeatest  divergence  between 
calculated  and  experiaental  data  is  8  o/c.  which  is  fully  acceptable 
during  the  solution  cf  practical  pioblees. 


The  siaplified  egei valent  circuit  Bakes  it  possible  to  develop 
siapler  and  rather  precise  appr cxiiation  aetheds  of  calculation  of 
transient  processes  in  GCG.  Let  us  exaaine  the  simplest  case  cf 
connection  of  excitaticn  winding  of  the  generatcr  under  direct 
voltage  with  closed  load  circuit.  Such  an  operating  aode  of  00G  can 
occur  with  the  necessity  of  eliaination  cf  the  switching  eleaent  in 
the  generator-load  circuit,  and  also  in  soae  special  cases  cf  shaping 
of  current  pulses.  The  transient  processes  are  described  by  the 
following  equations: 


ja I 
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where  L,  8  -  inductance  and  effective  resistance  of  circuit 

ge ne ra tor - load;  i  -  discharge  current;  «  -  working  aagnetic  flux;  u 

-  angular  velocity  of  rctation  cf  rotor;  J  -  aoeent  of  inertia  of 

rotating  eass;  ».  L,  -  nusber  of  seqaents  and  leakaae  inductance  of 

v.  -  effective  resistance  of  excitation  circuit; 

excitation  winding;^  «».<•-  voltage  and  current  of  excitation.  In 
coapensated  DOG  the  flea  cf  the  araature  reacticn  dees  not  leave  the 
aass,  and  its  action  is  spread  to  a  saall  area,  lialted  by  the 
current-carrying  eleaetts.  The  third  equation  cf  systea  (1),  thus, 
has  a  solution  independent  free  the  first  tac  eguatiens.  Disregarding 
the  leakage  of  winding,  which  in  UOG  is  usually  saall  (coefficient  of 
scattering  is  around  1.05-1.2),  and  using  the  siaplified  equivalent 


circuit  of  DUG  excitatlcs  circuit,  it  is  possible  tc  obtain 


where 


r. 


-r.  +  r.. 


Here  -  steady-state  value  cf  working  aagnetic  flux;  r.  - 

effective  tiae  constant  cf  change  cf  working  aagnetic  flux;  T •  - 
tiae  constant  of  excitatica  circuit  without  taking  into  account 
leakage  of  winding  and  eddy  currents  in  the  aagnetic  circuit. 
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For  convenience  of  practical  calculations  into  the  first  two 
equations  of  systea  (1)  it  is  expedient  to  introduce  the  following 
diaensionless  values: 


sere  -  eaf  of  generator,  corresponding  to  steady-state  aagnetic 
flux  and  no-load  speed;  h0  -  angular  velocity  of  rotation  of  rotor 
with  generator  idling;  -  electroeagnetic  tiae  constant  of 

circuit  generator  -  load;  -  electrceechanical  tiae 

constant;  A0  -  kinetic  energy  stored  in  rotating  aasses. 


As  a  result,  taking  into  account  relationship  (2),  we  have; 


•0-0 


+  «*(!_,  ') 


o. 


o. 


(3) 


The  initial  equations  cf  the  transient  process  are  written  out, 
thus,  in  relative  units  «*,  «  and  diaensionless  siailarity  criteria 
q,  6.  Thanks  to  this,  having  assigned  a  nuabez  cf  values  of  g  and  6 
and  solving  equations  (3)  in  nuaerical  fera  vith  the  use  of  a 
coaputer,  it  is  possible  to  construct  a  series  cf  diagraas,  aaxiaally 
siaplifying  the  practical  calculations.  In  Fig.  6  are  provided 
dependences  *  J-f(r)  with  g*fl  and  6*var. 


Fig.  6.  Dependences  l  with  connection  cf  DUG  excitation 

winding  to  direct  voltage  with  closed  load  circuit. 


During  the  calculation  cf  these  dependences  we  were  lieited  tc  a 
particular  case  of  purclj  active  lead  (q*0) ,  since  the  obtaining  of 
current  pulses  by  the  exaained  aetbod  is  expedient  only  in  those 
cases  when  the  load  is  characterized  by  coapaxatively  saall  tine 
constant  (in  the  opposite  case  the  operation  cf  the  generator  is 
ineffective,  since  doe  tc  increase  of  the  duration  of  current  pulse 
front  the  energy  losses  ace  great).  During  calculation  of  corves  is 
taken  *(0)-o,  The  diagraas  in  Fig.  6  sake  it  possible  tc  easily 

evaluate  the  expedienc)  and  effectiveness  of  application  of  the 
exaained  aethod  of  shaping  of  UUG  current  pulses. 
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An  important  assigmant  c£  pulsed  supply  is  the  obtaining  of 
current  pulses,  having  a  flat  part  of  certain  duration  on  their 
horizontal  part.  Bith  ccaparati vely  large  energy,  transmitted  to  the 
load,  and  long  sustaining  of  constancy  of  discharge  current  the 
obtaining  of  such  pulses  is  conjugated  with  considerable 
difficulties.  During  operation  cf  OOG  this  prcblea  is  solved 
effectively  with  the  ala  of  forcing  of  ezcitaticn  of  the  generator  in 
the  process  of  its  discharge. 

Let  us  ezaaine  the  case  cf  eaintaining  aaziaua  discharge 
current,  when  the  forcing  node  is  started  at  aoaent  t,  of  its 
establish sent.  The  rotcr  of  the  generator  at  this  aoaent  is  rotated 
with  angular  velocity  wt  and  stczes  kinetic  eceigy  it.  Subsequently 
all  the  values,  corresponding  to  the  aoaent  cf  tiae  tt,  we  will  also 
aark  by  subscript  1.  Values  ta  and  are  calculated  by  foraulas, 
presented  in  [4],  and  they  can  be  considered  assigned.  With  ccnstant 
paraaeters  B  and  L  of  circuit  generator  -  load  and  with  the  absence 
of  additional  sources. of  energy  the  ccnditior  of  constancy  of 
discharge  current  denotes  the  constancy  cf  eaf  being  generated  et, 
prcportional  to  working  flux  ®  and  angular  velocity  of  rotation  of 
the  rotor  «*•  since  in  the  process  of  discharge  the  generator  rotor 
loses  speed  due  to  withdrawal  of  energy,  then  fer  fulfillaent  of 
condition  ea«  const  it  is  necessary  to  increase  the  aagnetic  flux 
®  in  the  appropriate  sennet,  let  us  deterainc  the  necessary  lav  of 
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its  growth,  notion  of  tfa«  rotor  in  the  forcing  node  is  described  by 


equation 


/  —  -fill  a.  0 
*  dt  ^  m  u’ 


by  solving  which,  we  obtain: 


2  e,uy 

—r) 


<«) 


where  t  -  current  tine,  leading  cf  which  is  dene  by  starting  froa 
wo  went  of  tine  t». 


The  condition  of  ccrstancy  cf  generated  enf  is  written  out  in 
the  following  nanner: 

=•  <h«», 

whence  taking  into  account  relationship  (4)  we  have: 

I 

h  *  »  /,  21  \  ~ 3 

— F7/  •  (5) 

where 

Ta__iAf. 

m  4 

Let  us  deternine  hew  the  octput  voltage  ef  the  exciter  should  be 
changed  in  tine,  so  that  the  gxcwth  of  the  working  nagnetic  flux  of 
the  generator  would  cccut  in  accordance  with  expression  (5).  let  us 
do  the  calculations,  using  the  aiaplified  equivalent  circuit  cf  Pig. 

3  and  disregarding  winditg  leakage.  The  voltage,  applied  to  the 
excitation  winding  of  the  generator, 

dt 

**»  “  ■+■  /»)'•  (®) 


where 
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By  approximating  th«  working  section  of  the  aagnetizaticn  carve 
fcy  a  linear  segaent,  we  lave: 


V~*  Vl 


V*  ”  Vi 


(7) 


From  (5)  and  (7)  it  follows  that  in  the  forcing  aode 


Vl 


*♦.-1 


(8) 


where 


♦«  h 
■«r-  **• 


‘*3. 

V» 


By  solving  egaaticn  (6)  taking  into  acccant  relationship  (8) ,  we 
obtain: 


rf, 


>i 


■v+ 


r.*i 

7,  (*#.-!) 


(9) 


By  performing  siailar  calculations,  we  find  that  with  the 
expression  for  excitaticc  current  is  written  in  the  saae  fcra 

as  for  it  is  sufficient  cslj  tc  replace  t,  by  r,.  Relationship 
(9)  aakes  it  possible  tc  calculate  the  exaained  operating  aode  of  006 
taking  into  account  the  ecticn  ct  eddy  currents  in  the  eassive 
aagnetic  circuit.  The  value  of  r«  entering  It  gives  the  possibility 
of  easily  evaluating  tie  effectiveness  of  scattering  of  separate 
aassive  sections. 
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For  change  of  the  excitati.cn  voltage  of  DOG  in  accordance  with 
expression  (9)  the  application  cf  different  circuits  of  systees  of 
regulation  is  possible.  Let  us  nets  a  sinpler  aethod,  when  supply  of 
the  excitation  winding  ct  UUG  it  dene  free  the  direct-current 
generator,  and  the  forcing  of  excitation  of  UOG  is  accoaplished  by 
shunting  of  the  added  resistance  in  the  excitation  circuit  of  the 
exciter.  The  output  voltage  oi  the  exciter  in  this  case  grows 
exponentially,  however,  having  selected  the  appropriate  tine 
constant,  it  is  possible  in  the  necessary  tisc  interval  to  provide 
rather  close  coincidence  of  actual  and  calculated  dependences  of 
change  of  excitation  vcltage  of  UUG  and  to  obtain  discharge  current 
virtually  constant  in  value.  In  £5]  is  presented  an  cscillograa  of 
rectangular  current  pulse,  obtained  by  the  exaained  aethod  during 
discharge  of  experiaental  UUG  tc  active  load. 
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